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Abstract 

Background: The epithelial-mesenchymal transition (EMT) is a key developmental program that is often activated during 
cancer progression and may promote resistance to therapy. An analysis of patients (n = 71) profiled with both gene 
expression and a global microRNA assessment (~415 miRs) identified miR-147 as highly anti-correlated with an EMT gene 
expression signature score and postulated to reverse EMT (MET). 

Methods and Findings: miR-147 was transfected into colon cancer cells (HCT1 16, SW480) as well as lung cancer cells (A- 
549). The cells were assessed for morphological changes, and evaluated for effects on invasion, motility, and the expression 
of key EMT markers. Resistance to chemotherapy was evaluated by treating cells with gefitinib, an EGFR inhibitor. The 
downstream genes regulated by miR-147 were assayed using the Affymetrix GeneChip U133 Plus2.0 platform. miR-147 was 
identified to: 1. cause MET primarily by increasing the expression of CDH1 and decreasing that of ZEB1; 2. inhibit the 
invasion and motility of cells; 3. cause G1 arrest by up-regulating p27 and down-regulating cyclin D1. miR-147 also 
dramatically reversed the native drug resistance of the colon cancer cell line HCT116 to gefitinib. miR-147 significantly 
repressed Akt phosphorylation, and knockdown of Akt with siRNA induced MET. The morphologic effects of miR-147 on 
cells appear to be attenuated by TGF-B1, promoting a plastic and reversible transition between MET and EMT. 

Conclusion: miR-147 induced cancer cells to undergo MET and induced cell cycle arrest, suggesting a potential tumor 
suppressor role. miR-147 strikingly increased the sensitivity to EGFR inhibitor, gefitinib in cell with native resistance. We 
conclude that miR-147 might have therapeutic potential given its ability to inhibit proliferation, induce MET, as well as 
reverse drug sensitivity. 

Citation: Lee CG, McCarthy S, Gruidl M, Timme C, Yeatman TJ (2014) MicroRNA-147 Induces a Mesenchymal-To-Epithelial Transition (MET) and Reverses EGFR 
Inhibitor Resistance. PLoS ONE 9(1): e84597. doi:10.1371/joumal.pone.0084597 

Editor: Karl X. Chai, University of Central Florida, United States of America 

Received August 14, 2013; Accepted November 16, 2013; Published January 15, 2014 

Copyright: © 201 4 Lee et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Funding: This work was supported by Grant 1U01CA1 57960-01 Al, www.cancer.gov http://report.nih.gov/award/index.cfm7ot = &fy = 201 2&state = FL&ic = N- 
Cl&fm = &orgid = 3736101&distr = &rfa = &pid = 6418154#tab5. The funders had no role in study design, data collection and analysis, decision to publish, or 
preparation of the manuscript. 

Competing Interests: The authors have declared that no competing interests exist. 
* E-mail: jharvey@gibbscc.org 



Introduction 

The epithelial-mesenchymal transition (EMT) has been de- 
scribed as a cell-biological program that is required for the 
remodeling of cells and tissues during embryogenesis, during 
certain types of wound healing, and during the acquisition of 
malignant traits by carcinoma cells [1], [2] The epithelial- 
mesenchymal transition is a key developmental program that is 
often activated during cancer invasion, metastasis, and may 
promote resistance to chemotherapy. 

MicroRNAs (miRNAs, or miRs) are noncoding mRNA 
sequences containing around 22-nucleotides that act as important 
regulators of gene expression. miRNAs can silence their cognate 
target genes by specifically binding and cleaving mRNAs or 
inhibiting their translation [3] . Some miRNAs have been shown to 
function as either tumor suppressors or oncogenes [4], [5]. 
miRNAs have recently been described as crucial regulators of the 
EMT and metastasis. The miR-200 family, which suppresses the 
EMT drivers ZEB1 and ZEB2, is selectively expressed in the 
sarcomatous component of metaplastic breast cancers [6] . Loss of 



the expression of any members of the miR-200 family may play a 
critical role in the repression of CDH1 by ZEB1 and ZEB2 during 
the EMT, thereby enhancing migration and invasion during 
cancer progression. Ectopic expression of the individual members 
of the miR-200 family, as clusters, or altogether hinders EMT 
progression in TGFP-treated NMuMG cells [7], suggesting that 
they are both fundamental markers and powerful regulators of the 
EMT process [6] , [8] . Additional miRs, such as miR-655 was also 
found to suppress EMT [9]. 

Unraveling the miRNA-mediated effects on EMT/MET, and 
their upstream and downstream targets is likely to reveal novel 
biomarkers for the advanced stages of cancer, improve prognosis 
and reveal new opportunities for therapeutic intervention [10]. 

While few published studies of miR-147 exist, an endogenous 
negative-feedback loop was recendy reported, in which the 
stimulation of Toll-like receptors induced miR-147 in order to 
prevent excessive inflammatory responses [1 1]. Additional studies 
identified and verified three miRNAs (miR-124, miR-147 and 
miR-193a-3p) to be novel potential tumor suppressors that co- 
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Figure 1. miR-147 induces a mesenchymal to epithelial transition in colon cancer cell lines. HCT1 16 and SW480 are colorectal cell lines. 
miR-147 induces the cells a phenotype change, from a speculated and loosely connected mesenchymal phenotype on the left (negative control) to a 
more tightly associated rounded epithelial phenotype. The precursor miR-147 and negative control miR were transiently transfected into the cells, 
the phenotype changes noted two days after transfection. (A) Negative control miR (miR-nc) transfected HCT1 16 cells show a speculated and loosely 
connected mesenchymal phenotype (Original magnification of 100x). (B) miR-147 induces the HCT116 cells a phenotype change to a more tightly 
associated rounded epithelial phenotype. (C) miR-nc transfected SW480 cells are in loosely connected, spindle mesenchymal phenotype. (D) miR-147 
transfected induced SW480 cells a more tightly associated rounded epithelial phenotype and many cells with big vacuoles (arrows). (B-D: Original 
magnification of 200 x). 
doi:1 0.1 371 /journal.pone.0084597.g001 



target EGFR-driven cell-cycle network proteins and inhibit cell- 
cycle progression and proliferation in breast cancer [12]. 

We recently reported an unsupervised, global gene expression 
analysis (Affymetrix GeneChip) of 250 frozen human colorectal 
cancer specimens (CRC) identified two intrinsic subpopulations of 
patients that were characterized by a signature strongly linked to 
the process of the epithelial-mesenchymal transition (EMT) [13]. 
A subset of 70 of these CRC patients were profiled with a global 
microRNA ( — 415 miR) analysis to identify the specific miRs that 
were highly-correlated with the EMT signature score. The miR- 
200 family and miR-147 were among the miRs most highly anti- 
correlated with the EMT signature (Table SI). Therefore, miR- 
147 and other potential miRs may reverse the EMT process, 
moving cells from a mesenchymal to an epithelial phenotype 
(MET). 

The current study was undertaken to understand the effects of 
miR-147 on the cell morphology, EMT/MET, the response to 
EGFR inhibitor therapy, and the potential downstream genes 
potentially regulating these processes. 

Materials and Methods 

Cell Culture 

Colorectal cancer cell lines HCT116, SW480 and lung cancer 
cell line A549 were obtained from the ATCC (Manassas, VA) and 
cultured in RPMI 1640 medium (Cellgro) supplemented with 10% 
fetal calf serum. 



Invasion and proliferation assays 

Matrigel-coated inserts (BioCoat Matrigel Invasion Chamber; 
Becton Dickinson) were used for the cell invasion assays. The 
floated died cells were discarded, only the attached cells were 
collected and seeded in the upper chambers (5xl0 4 ). FBA (5%) 
was added to the lower chambers. The cells in the upper chambers 
were allowed to invade for 16 hours. The inserts in the upper 
chambers were removed for analysis. Cells on the inserts were 
fixed in 90% ethanol, stained with 0.1% crystal violet blue, and 
washed with PBS buffer. Non-invaded cells on the upper side of 
the inserts were wiped off with a cotton swab. Invaded cells were 
counted, and the results were presented as the mean ± the S.D. 
The assay was replicated at least two times. And so do the 
following other experiments apart from microarray assay. 

Cell proliferation 

Cells were seeded in a 96-well plate at a density of 5 x 10 3 cells/ 
well. Twenty microliters of MTT solution (5 mg/ ml in phosphate 
buffered saline, PBS) was added to each well and the plates were 
incubated for an additional 3-4 hr at 37°C. The plates were 
centrifuged at 200 g for 5 min, the medium was aspirated from 
each well, and 180 u.1 of DMSO was added to each well to dissolve 
the formazan. The optical density was measured at 562 and 
630 nm with a Delta Soft ELISA analysis program interfaced with 
a Bio-Tek Microplate Reader (EL-340, Bio-Metallics, Princeton, 
NJ). Each experiment was performed in 4-6 replicate wells for 
each drug concentration and carried out 3 or 4 times indepen- 
dently. 
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Figure 2. miR-147 reverses mesenchymal phenotype. (A) Ectopic expression of miR-147 inhibits cell proliferation. MTT assay showed that the 
OD at 490 nm values of miR-147-transfected HCT116 and SW480 Cells decreased significantly compared to negative control miR transfected cells, 
(p = 1.9e-5, and p = 0.013 respectively). (B) miR-147 inhibits invasion. Cell invasion was done by Matrigel chamber. HCT116 and SW480 Cells were 
transfected with miR-147 and negative control miRNA. After 48 h of transfection, floated died cells were washed away, live cells were put into 
Matrigel inserts for invasion assay as illustrated in Materials and Methods. The data show means ± SD of the numbers of invading cells from three 
independent experiments. (p = 0.0038). 
doi:1 0.1 371 /journal.pone.0084597.g002 



Transfection of microRNA precursors and inhibitors 

All precursor microRNAs were ordered from Applied Biosystem 
(Invitrogen). Lipofectamine® RNAiMAX Transfection Reagent 
(Invitrogen) was used to transfect precursor miRs into HCT116, 
SW480, A549 cells according to manufacturer's instructions. The 
final concentration of each miRNA is at 20 nM. Total RNA and 



protein were collected for assay 3 days post-transfection or as 
indicated. 

Cell cycle analysis 

Cells were harvested, washed twice in PBS, and fixed in 70% 
ethanol on ice for at least 30 min. Cells were then stained with 
propidium iodide solution (50 u.g/mL propidium iodide, 50 ugV 
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Figure 3. miR-147 affects cell cycle, induces cell arrest in G1 phase. The negative control miR transfected HCT1 16 and SW480 cells show a 
standard cell cycle pattern (left), while the miR-147 transfected cells, show a dramatic reduction in S Phase (right). Cells transiently transfected with 
miR-147 and negative control miR, after 3 d post-transfection, DNA content was measured by flow cytometry to determine cell cycle fractions. 
Representative flow cytometric histograms of cells shown from three independent experiments. PI, propidium iodide. 
doi:1 0.1 371 /journal.pone.0084597.g003 



mL RNase A, 0.1% Triton-X, 0.1 mil EDTA). Cell cycles were 
analyzed by FACS based on their DNA content using a Flow 
Cytometer (BD Biosciences, Franklin NJ), or or guava easycyte 
HT. 

EMT assay 

A549 cells were seeded at a density of 16x10 cells/well (6-well 
plates) in RPMI+10% FBS. Cells were allowed to adhere for 1 day 
and 10 ng/ml of TGF-pi (R&D SYSTEMS) was added. A549 
cells were differentiated for 48 h and then used in EMT 
experiments. 

Western blotting and antibodies 

Cell lysates that were prepared from cells using RIPA buffer 
supplemented with inhibitors were separated on 8-12% gradient 
SDS-polyacrylamide gels and transferred to PVDF membranes 
(Bio-Rad Laboratories). Membranes were incubated in blocking 
solution (5% skim milk in TBST) and incubated with primary 
antibodies, followed by incubation with the appropriate HRP- 
conjugated secondary antibody (Sigma). The primary antibodies 



used in this study were: anti-Akt, pAkt(S473), anti-CDHl, anti- 
Zebl, anti-slug, (Cell Signaling, Beverly MA); anti-cyclin Dl, anti- 
p27 (BD Pharmingen); anti-(3-actin (Sigma). 

Quantitative real-time (qRT)-PCR 

Total RNA was prepared from cells using RNeasy Plus Mini Kit 
according to the manufacturer's instructions. Samples were 
normalized to RNU44 for miRNAs and GAPDH for mRNAs 
(Applied Biosystems). The probes used for the Taqman Assays 
were ordered from ABI Company. A qRT-PCR was performed 
with a Bio-Rad iCycler single-color real-time detection system. All 
experiments were performed in triplicate. 

Microarray assay 

To investigate the genes affected by miR-147, five independent 
transfection using precursor miR-147 or negative control miR 
were done with HCT116 cells. Total RNA were isolated using 
RNeasy Plus Mini Kit. Microarray assays were performed using 
Affymetrix GeneChips U133 Plus2.0 (Affymetrix, Santa Clara, 
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Figure 4. miR-147 affected the expression of EMT markers and 
cell cycle regulators. (A) miR-147 upregulates CDH1 and downreg- 
ulates ZEB1, Slug and cyclin D1 proteins in colon cancer cell line SW480. 
(B) Ectopic expression of miR-147 upregulates CDH1 and p27 in HCT1 16 
cells. The cells were collected after 3 days of miRs transfection, and 
lysate with RIPA buffer, then subjected to Western blotting assays. 
doi:1 0.1 371 /journal.pone.0084597.g004 

CA). Affymetrix data have been submitted to GEO: NCBI 
tracking systeml6901253. 

Flow cytometry 

HCT1 16, A549 cells were seeded in 6-mm culture plates at the 
density of 1 x 1 0 5 cells per dish. After incubating for 24 h, cells 
were treated with 20 U.M gefitinib for 48 h. Adherent and floating 
cells were both collected and resuspended in cold PBS for analysis. 
For apoptosis assay, cells were stained using the Annexin V-FITC 
Apoptosis Kit (BD Pharmingen, USA) and 7-AAD. Samples were 
analyzed on the FC 500 Flow Cytometry Systems (Beckman 
Coulter). 

Statistical Analysis 

All data are presented as the mean ± S.D. All data are 
expressed as the average with 95% confidence intervals. The 



differences were determined using a two-sided student's t test with 
two-sample unequal variance type. 

Results 

miR-147 overexpression in human cancer cells caused a 
mesenchymal-to-epithelial transition (MET) 

The 15 microRNAs (Table SI) with the strongest correlations to 
the high EMT score (p<0.05) [13] were selected to validate their 
biological role. These miRs were transiently transfected into colon 
cancer cell lines HCT116 and SW480. The morphological 
changes associated with MET were assessed. 

The endogenous levels of miR-147 in HCT116 and SW480 
cells were examined using RT-PCR. The amount of miR-147 in 
the two cell lines was too low to be detected (data not shown). 
Morphological changes were clearly observed two days after 
transfection with miR-147. The expression of miR-147 induced an 
obvious phenotype change in the HCT116 and SW480 cells 
(Figure 1) from the speculated and loosely connected mesenchymal 
phenotype in the negative control miR (miR-nc) transfected cells 
on the left (Figure 1A, C and Figure SI A, S2A) to the more tighdy 
associated, rounded, epithelial phenotype of miR-147 transfected 
cells on the right (Figure IB, D and Figure SIB, S2B). These 
observations indicate that the ectopic expression of miR-147 
induce MET in colon cancer cells. 

miR-147 repressed cell invasion and proliferation, 
induced cell arrest at G1 

Proliferation and invasion are two characteristic aggressive 
properties of cancer cells. The EMT process is associated with 
enhanced cellular motility and invasiveness. The observation that 
miR-147 induced cells to undergo MET, suggested that it may 
affect cell proliferation and invasiveness. A 3- [4, 5-dimethylthia- 
zol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT) assay was used 
to investigate the effect of miR-147 on cell proliferation. Figure 2 A 
demonstrates that there was a significant decrease in the MTT 
value in miR-147 transfected HCT1 16 and SW480 cells on day 3, 
in comparison to the negative control miR transfected cells 
(p = 1.9E5 and 0.013 separately). This finding indicated that miR- 
147 inhibited cell proliferation. 

A Matrigel invasion chamber assay was used to measure the cell 
invasive capability. Figure 2B shows that the number of cells that 
invaded the Matrigel. HCT1 16-miR-147cell number was about 5- 
fold less than that of the microRNA transfected negative control 
cells (p = 0.0038). To avoid the possibility that apoptosis influenced 
invasion, we used only attached (live) cells in the invasion assay. 
Floating cells were removed prior to trypsinizing attached cells. 

The effect of the ectopic expression of miR-147 on the cell cycle 
was examined to determine the mechanisms by which miR-147 
mediates growth suppression. miR-147 or a negative control miR 
was transfected into HCT116 and SW480 cells. miR-147 
transfected cells show a dramatic increase in the Gl phase and 
decrease in S-phase compared to the negative miR transfected 
cells with both HCT116 and SW480 cells (Figure 3). 

miR-147 regulated key EMT markers and p27, cyclin D1 

The previous experiments demonstrated that the ectopic 
expression of miR-147 induced a visible morphological change 
in human cancer cells from mesenchymal to an epithelial 
phenotype (Figure 1), and caused cell arrest in Gl phase. These 
observations lead to the question of how miR-147 induced MET 
and arrested the cell cycle. Further experiments examined the 
expression of some key EMT markers and cell cycle related 
proteins. Figure 4 shows that the ectopic expression of miR-147 in 
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Figure 5. miR-147 reverses TGF-pi induced EMT and affected ZEB1/CDH1. (A) A549 cells were transfected with negative control miR for 3 
days. (B) A549 cells transfected with miR-nc for 1 day then were treated with 10 ug/ml TGF-p1 for 2 days and the cells phenotype changes form 
epithelial state to mesenchymal type. (C) The A549-miR-nc cells treated with TGF-beta1 for 2 days were then transfected with miR-nc for 2 days. (D) 
The A549-miR-nc cells treated with TGF-pi for 2 days were then transfected with miR-147 for 2 days. (E) A549 cells were transfected with miR-147 for 
2 days as a kind of control. (F) The A549 cells transfected with miR-147 for 2 days were then treated with TGF-(31 for 2 days. (Figures 6A, B, E, F: 
original magnification of 100 x, C & D: 200 x). 
doi:1 0.1 371 /journal.pone.0084597.g005 



HCT116 cells significantly upregulated the expression of CDH1 
and p27. In addition, miR-147 upregulated CDH1, o27 expres- 
sion and downregulated ZEB 1 , Slug and Cyclin D 1 expression in 
SW480 cells. miR-200b, an EMT inhibitor, served as a positive 
control. Therefore, miR-147 induced a MET through upregulat- 
ing CDH1 and downregulating ZEB1, Slug. In addition, miR-147 
caused Gl arrest through upregulation of p27 and downregulation 
of cyclin D 1 . 

miR-147 reverses TGF-pi induced EMT 

TGF(3 is a master regulator of EMT, and appears to play a 
dominant role in direcdy activating ZEB1 transcription factors. 
The addition of TGF-P to culture is a convenient way to induce 
EMT in epithelial cells. 

Normal A549 cells show uniform cobblestone morphology with 
intimate cell-cell contact (Figure 5A). TGF-fSl treated A549 cells 
lost the intimate cell-cell contact, and adopted a more elongated 
morphological shape (Figure 5B). The negative miR or miR-147 
was transfected into TGF-P treated A549 cells to determine 
whether it could reverse the TGF-P induced EMT. The negative 
miR did not change the cell phenotype (Figure 5C), miR-147 
caused mesenchymal A549 cells induced by TGF-P to undergo a 
phenotypic change from the mesenchymal state to a clear 
epithelial state (Figure 5D), which is similar to miR-147 transfected 



cells alone (Figure 5E). In addition, further treatment to the miR- 
147 transfected cells with TGF-P induced the cells to revert back 
to the mesenchymal phenotype, characterized by spindle-shaped 
cells (Figure 5F). 

Further examination of the EMT marker proteins and their 
response to miR-147 revealed that TGF-P treatment increased 
ZEB1 activity and inhibited CDH1 expression in miR-nc 

+ + TGFbl 
+ + miR-nc 

+ + miR-147 
— — Zeb1 




CDH1 



A549 



Figure 6. A549 cells were treated with TGF-betal first, then 
transfected with miR-147 or negative control miR, then treated 
with TGF-betal, collected cells and did Western blot to check 
the expression of EMT marker proteins CDH1 and ZEB1. 

doi:10.1371/journal.pone.0084597.g006 
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Figure 7. miR-147 recovered cell sensitivity to EGFRi gefitinb. (A) miR-147 induced cell sensitivity to EGFRi in the natively resistant gefitinb 
HCT116 cell line. The concentration of gefitinib was 20 uM and treatment for 24 hours. Cell apoptosis is measured by flow cytometry analysis of 
Annexin V-FITC double-labeled cells transfected with miR-147 and miRNA control. Flow cytometry profile represents Annexin V-FITC staining in x axis 
and 7-AAD in y axis. Dual staining of cells with Annexin V-FITC and 7-AAD enabled categorization of cells into four regions. Region Q1 shows the 
necrotic cells, Q2 shows the late apoptotic cells, Q3 shows the live cells, and Q4 shows the early apoptotic cells. The experiment was repeated more 
than three times and data represent the average of the early apoptotic and late apoptotic cells. (B) miR-147 similarly recovered A549 cells' sensitivity 
to EGFRi gefitinb. p = 0.019 between gefitinib treated miR-147 and negative control miR transfected A549 cells. The transfection and flow cytometry 
analysis were done as in Figure 6A. 
doi:1 0.1 371 /journal.pone.0084597.g007 



transfected A549 cells as expected. However, the ectopic 
expression of miR-147 increased the expression of CDH1 and 
decreased that of ZEB1 (Figure 6), which is consistent with its role 
in inducing MET. These data suggest that miR-147 and TGF-|3 
may function reciprocally, and that there is an autocrine TGF-fV 
miR-147 signaling network that regulates the epithelial-mesen- 
chymal transition. TGF-fi-induced EMT can be suppressed by 
miR-147, independently of other miRs such as the miR-200 family 
members, through the translational inhibition of ZEB1 and the 
upregulation of CDH 1 in cancer cells. 

The cell cycle was also examined with miR-147 or negative 
control miR transfected A549 cells. The negative control miR 
transfected cells showed the standard cell cycle progression, from 
the Gl to the S-phase, and to the G2 phase (Figure S3A), while the 
miR-147 transfected cells show a dramatic increase in the Gl 
phase (from 54% to 81%), and a reduction in the S Phase (from 
37% down to 10%) (Figure S3B) compared to the negative miR 
transfected cells. 

miR-147 reverses drug resistance associated with the 
"epithelial" EGFR inhibitor, gefitinib 

Gefitinib is an oral, reversible, inhibitor of epidermal growth 
factor receptor (EGFR)-associated tyrosine kinase, which exhibits 
its antitumor activity by the blockade of EGF receptor-associated 
tyrosine kinase activity. The vast majority of these tumors 
ultimately become resistant to the drug treatment with both 
intrinsic and acquired resistance to EGFR inhibitors. 

The HCT116 and SW480 colon cancer cell lines were treated 
with gefitinib (10, 20, 30 uM). A significant number of SW480 
cells floated and died after 24 h treatment; however, most of the 
HCT 1 1 6 cells survived, confirming that HCT 1 1 6 cells are 
intrinsically resistant to gefitinib. Then we transfected miR-147 
into HCT116 cells and see if it had effect on cell's resistance to 

Table 1. Part of genes affected by miR-147 in HCT116 cells. 



Genes 


Fold changes 


Exp In mIR-nc cells 


Exp in miR-147 cells 


Stat3 


+5.25 


1 790.8 


1790.8 


TP53I3 


+12.09 


8265.1 


8265.1 


EMP-1 


-6.44 


448.6 


448.6 


Cyclin D1 


-2.60 


2672.4 


2672.4 


Cyclin F 


-2.55 


598.2 


598.2 


CDK4 


-2.14 


3827.6 


3827.6 


CDK1 


-3.79 


1432.5 


1432.5 


TGF- pi 


-2.40 


243.9 


243.9 


MET 


-3.09 


91.7 


91.7 


Akt2 


-2.94 


411.6 


411.6 


TWIST1 


-1.95 


138.6 


138.2 


doi:1 0.1 371 /journal.pone.0084597.t001 



gefitinib. HCT1 16-miR-147 cells were treated with Gefitnib for 
24 hours after transfection to determine miR-147's effect on cells' 
resistance to Gefitinib. Figure 7 A shows that miR-147 induced a 
substantial increase in apoptosis in cells treated with gefitinib in 
comparison to control cells that transfected with a non-coding 
control miR. 

miR-147 was also transfected into A549 cells, which were 
subsequently treated with gefitinib, and the result showed a similar 
trend but the apoptotic rate was lower than that in HCT1 16-miR- 
147 cells (Figure 7B). This supports the hypothesis that miR-147 
reverses cell resistance to EGFR inhibitor gefitinib following a 
mesenchymal to epithelial transition. 

Genes affected by miR-147 

miR-147 has shown the ability to reverse the EMT and convert 
EGFRi-resistant cells to sensitive cells. In order to further 
understand the mechanisms responsible for these activities. The 
genes affected by the ectopic expression of miR-147 in colon 
cancer cells were analyzed using a global gene expression survey 
(Affymetrix, Santa Clara, CA). The expression of more than 1 700 
genes were downregulated >2.0 fold in association with the 
expression of miR-147 compared to the control and, that of 1600 
genes were upregulated over 2.0 fold, in comparison to negative 
control miR transfected HCT1 16 cells (Table S2, Affymetrix data 
file). 

Table 1 lists several EMT and cell cycle related genes. TGF-fJl 
levels were reduced 2.4 fold in HCT1 16-miR-147 cells compared 
to negative control. miR-147 also downregulated AKT2, CDK1, 
CDK4, cyclin F which regulate the cell cycle. EMP1 was inhibited 
more than 6 fold, and this expression was related to acquisition of 
gefitinib resistance. 

The analysis done by Affymetrix GeneChip U133 Plus2.0 
platform. RNA from 5 isolated transfections of HCT 1 1 6 cells 
transfected with miR-147 or miR-nc. 

miR-147 repressed Akt phosphorylation 

AKT plays a key role in multiple cellular processes. Activation 
of AKT promotes many of the processes critical to the malignant 
phenotype. Among the miR-147 down-regulated genes, AKT2 
was down-regulated ~3.0 fold, so we decided to investigate how 
miR-147 affects AKT, and the role of AKT in miR-147 induced 
MET and EGFR inhibitor sensitivity change. The expression of 
AKT was knocked down with siRNA directed at AKT 1/2 in 
HCT 1 1 6 cells (Figure 8C) to effectively mimic the effect of miR- 
147. AKT knockdown induced changes in the cellular phenotype 
that were similar to that observed with the miR-147 induced MET 
(Figure 8A and B. Ref. to Figure 1A and B, Figure SI). Gefitinib 
treated, AKT-knocked down HCT116 cells resulted in the 
recovery of some EGFRi sensitivity (i.e. induced apoptosis), but 
not to the degree that was accomplished with miR 147 (Figure 8D). 

Western blotting was performed to assess the expression and 
phosphorylation of Akt protein. Figure 9 demonstrates that miR- 
147 significantly repressed Akt phosphorylation in HCT116 and 
SW480 cells, but seemed to have no effect on the total Akt level. 
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Gefitinib treatment did not affect the levels of Akt either in total or 
activated form in miR-nc transfected HCT116 cells. But in the 
sample of miR-147 transfected cells alone and in gefitinib treated 
cells, the phosphorylated Akt was substantially reduced. miR-147 
upregulated p27 in both colon cancer cell lines HCT116 and 
SW480. 

Discussion 

The EMT is a well-established phenotypic transformation that 
occurs during embryonic development. Recent studies have 
demonstrated that tumor cells utilize a process very similar to 
the development-associated EMT during tumor progression. 
Transition from an epithelial phenotype to a mesenchymal-like 
phenotype allows the cells to invade the surrounding stromal 
tissue, migrate into lymphatic or vascular tissue and metastasize to 
distant sites. An EMT results in increased metastatic behavior, 
drug resistance, cancer stem cell transformation, and poorer 
prognosis for a number of human cancers. Conversely, the 
mesenchymal to epithelial phenotype transition (MET) may allow 
circulatory metastatic tumor cells to recapitulate the primary 
tumor morphology and colonize distant organ sites such as the 
liver and lungs 

This study demonstrated that the ectopic expression of miR-147 
alone induced colon cancer cells to undergo MET, a process that 
can be reversed by treatment with TGF-B 1 . This process inhibited 



cell proliferation and invasion, induced cell cycle arrest at G 1 and, 
restored the cells sensitivity to gefitinib, an inhibitor of EGFR 
tyrosine kinase. In addition, the current findings suggested the 
possibility of an endogenous miR-147/TGF-P signaling network 
that regulates the epithelial-mesenchymal transition that may be 
required for distant metastasis. 

CDH1 and ZEB1 are key markers of the EMT. Loss of CDH1 
expression is associated with poor prognosis in cancer patients and 
is considered to be a tumor suppressor [14], [15]. CDH1 is actively 
involved in maintaining epithelial characteristics. ZEB1 is an 
activator of the EMT and has crucial roles in tumor progression 
towards metastasis. ZEB1 and the miR-200 family members 
repress their respective expression in a reciprocal feedback loop. 
ZEB1 is a crucial promoter of metastasis and inhibits the 
expression of the miR-200 family, whose members are strong 
inducers of epithelial differentiation [16] [17]. The current study 
found that miR-147 significandy upregulated CDH1 expression 
and repressed ZEB1 expression, resulting in the reversal of EMT. 
Increasing evidence shows that the EMT is regulated by a 
balanced expression of ZEB factors and miR-200 family members, 
which are reciprocally linked in the ZEB/ miR-200 feedback loop. 
The clarification of these points might lead to new therapeutic 
options for diseases such as chronic fibrosis and cancer [18]. In this 
report, miR-147 is a relatively poorly understood microRNA 
whose expression alone may induce cells to undergo MET. Our 
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data suggest multiple biological effects linked to miR-147 likley 
through the concerted action of multiple target genes. For 
example, inhibition of cancer cell proliferation and invasion were 
seen, as well as induction of cell cycle arrest at G 1 phase through 
up-regulation of p27, down-regulation of cyclin Dl, and repression 
of Akt activation. Activation of Akt was previously shown to 
overcome cell cycle arrest in Gl [19]. 

TGF-fil is a major inducer of the EMT in development, 
carcinogenesis, and fibrosis with different isoforms mediating 
various effects depending on specific cellular context [20]. TGF-fil 
was first described as an inducer of EMT in normal mammary 
epithelial cells [21]. The addition of TGF-fil to epithelial cells in 
culture is a convenient way to induce an EMT in various types of 
epithelial cells. Studies employing the cancer derived human 
alveolar epithelial cell line, A549, have confirmed the ability of 
alveolar epithelial cells to undergo an EMT in vitro [22]. TGF-fil 
treatment induces A549 cells undergoing EMT and elicits a 
strongly mesenchymal phenotype [23]. In our study, miR-147 may 
induce such mesenchymal A549 cells back to epithelial state. 
Further treatment of these cells with TGF-fil again induced the 
epithelial A549 cells back to mesenchymal phenotype. These 
results demonstrate that miR-147 alone may induce an MET, and 
also miR-147 and TGF-fil may repress their respective functions. 
In addition, TGF-fil increased the expression of ZEB1 while 
repressing that of CDH1; miR-147 had the opposite effects. These 
results are similar to those seen with the forced expression of the 
miR-200 family which is sufficient to block a TGF-fil -induced 
EMT [6-8]. 

TGF-fil induces rapid activation of PI3K, Akt, mTOR 
complex 1 (mTORCl) and S6 kinase in cells that undergo EMT 



in response to TGF-fi, leading to increases in protein synthesis, cell 
size, motility and invasion [24]. mTORC2 phosphorylates Akt on 
Ser473 [25], which, together with Akt phosphorylation on Thr308 
by PDK1 in response to PI3K activation, confers full activity to 
Akt. In our study, ectopic expression of miR-147 inhibited TGF- 
Pl expression and reversed TGF-fil -induced mesenchymal cells 
back to the epithelial state; Conversely, miR-147 decreased Akt 
phosphorylation. In HCT116 cells, miR-147 decreased the 
expression of Akt2 both in mRNA and protein, but did not affect 
Aktl. In addition, knockdown of Aktl/2 induced HCT1 16 cells to 
change to an epithelial phenotype (Fig. 7B) similar to that induced 
by miR-147 (Fig. 1). miR-147 is known to target Akt2 and cyclin 
Dl as confirmed by Uhlmann et al [12]. Collectively,these data 
support that miR-147 induces MET by repressing TGF-fil and 
decreasing Akt phosphorylation and subsequent activation. 

The G 1 /S transition in the cell cycle is regulated by the CDK2/ 
cyclin E complex. This transition can be inhibited by the cyclin 
dependent kinase inhibitor, p27 (Kipl). It is reported that the 
overexpression of p27 KIP1 causes cell cycle arrest in the Gi phase 
[26]. There is recent evidence that high levels of p27 KIP1 protein, 
induced by adenovirus vector, lead to growth arrest [27]. There is 
a significant correlation between p27 KIP1 expression, cell cycle 
arrest and apoptosis [28]. The current study showed that miR-147 
expression induced a Gl arrest in cells. Moreover, the ectopic 
expression of miR-147 leads to a significant elevation of p27, as 
revealed by a Western blot analysis. miR-147 down-regulates 
cyclin Dl, which is essential for Gl progression [29], and is 
consistent with other report on miR-147 [12]. However, this is in 
contrast to miR-200 which promotes the expression of cyclin D 1 
protein. mir-200b directly reduced the expression of RND3 at the 
mRNA and protein levels, which thereby promoted expression of 
the downstream protein cyclin D 1 and increased S-phase entry (a 
report that demonstrated that miR-200b increases cyclin Dl 
expression by targeting RND3 in HeLa cells) [30]. In addition, 
miR-147 also down-regulated other several genes like cyclin F, 
CDK1 and CDK4, which also affect the cell cycle (Table 1). 

The EGFR has been strongly implicated in the biology of 
human epithelial malignancies, with therapeutic applications in 
cancers of the colon, head and neck, lung, and pancreas. The 
EGFR family members are common targets for cancer therapy. 
Small kinase inhibitor molecules have been tested for their 
potential as cancer therapeutics [31]. Gefitinib is an inhibitor of 
the EGFR tyrosine kinase (TKI) [32]. Gefitinib inhibits EGFR 
tyrosine kinase by binding to the adenosine triphosphate (ATP)- 
binding site of the enzyme [33]. Gefitinib is effective against 
colorectal tumor cells that express high levels of EGFR, and there 
is ongoing clinical evaluation of the efficacy of gefitinib in 
combination with CPT-11, in the treatment of colorectal cancers 
[34]. Despite the initial and often dramatic responses of EGFR- 
dependent lung tumors to the EGFR-specific tyrosine kinase 
inhibitors (TKIs), gefitinib and erlotinib, nearly all of these tumors 
develop resistance and relapse [35] . Almost all patients responsive 
to EGFR-TKIs show acquired resistance, which is a major clinical 
problem [23]. The EMT process is associated with both intrinsic 
and acquired resistance to EGFR-specific TKIs in NSCLC cell 
lines (including HI 975, HCC4006 and H1650) [36-39]. Acquired 
resistance has emerged as a major limitation of monotherapy with 
TKIs [40]. EGFR-targeted therapies can significantly improve 
disease control in EGFR-mutant patients, but the response is 
short-lived. EMT has recendy been shown to have a role in 
acquired resistance to gefitinib in A549 cells, indicating that a 
mesenchymal phenotype is associated with the 'inherent resis- 
tance' to gefitinib or erlotinib in NSCLCs [41]. 
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Our report shows that miR-147 recovered the EGFR-TKI 
gefitinib sensitivity of both colon cancer cell line HCT116 and 
lung cancer cell line A549 cells, which may be related to the 
inhibition of Akt and induction of other potential genes. For 
example, miR-147 inhibited EMP-1 gene expression by 6.4-fold 
(Table 1), which has been linked to the loss of sensitivity to 
gefltinib. EMP-1 was identified as a surface biomarker whose 
expression is correlated with the acquisition of gefltinib resistance 
[42] . It is also characterized as a mechanism of gefltinib resistance 
in 81B-Fb cells, where there was significantly more ligand (EGF)- 
induced phosphorylation of downstream Akt and Erk in the 8 1 B- 
Fb cells that were more resistant to inhibition by gefltinib [43]. 
This is consistent with what our finding that miR-147 inhibited 
Akt phosphorylation. The activation of Akt through the ectopic 
expression of oncogenic PI3K or oncogenic Akt (myristoylated 
Akt) is sufficient to confer resistance to gefltinib, even in the 
presence of EGFR activating mutations. AKT and EMP-1, 
however, are likely only two of a number of genes affected by 
miR-147 that affect gefltinib resistance. 

In our study, the expression of miR-147 induced MET and 
consequendy reversed the native drug resistance of HCT116 
associated with the "epithelial" EGFR inhibitor, gefltinib. Careful 
measurement of the expression of miR-147 and other miRs 
measured in FFPE tissues may provide a practical clinical test for 
predicting the response to drugs targeting the epithelial phenotype 
and may provide therapeutic approaches to increase drug 
sensitivity and combat resistance to the EGFR class of inhibitors. 

Conclusion 

The ectopic expression of miR-147 was found to reverse the 
epithelial to mesenchymal transition, inhibit proliferation, induce 
Gl arrest and, reverse TGF-|31 induced EMT. Therefore, the 
expression miR-147 acted as a potential tumor suppressor. In 
addition, miR-147 dramatically reversed the intrinsic drug 
resistance associated with the "epithelial" EGFR inhibitor, 
gefltinib, in the colon cancer cell line HCT116. miR-147 
significandy repressed Akt phosphorylation. Knockdown of Akt 
with siRNA did induce changes in the cell phenotype that were 
similar to those associated with the ectopic expression of miR-147. 
The striking increased sensitivity to gefltinib associated with the 
expression of miR-147 in addition to its cell cycle modulation 
suggests a new avenue for therapy. 
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Figure SI miR-147 induces a mesenchymal to epithelial 
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